Abstract-The feasibility of realizing an all-optical AND gate for 320 Gb/s return-to-zero data by incorporating quantum-dot semiconductor optical amplifiers (QD-SOAs) in a Mach-Zehnder interferometer (MZI) is theoretically investigated and demonstrated. The proposed scheme employs the QD-SOA-based MZI in a configuration where the QD-SOA in one MZI arm is subject to the first data sequence, the QD-SOA in the other MZI arm receives no such input but is constantly held in the small signal gain regime, and the second data stream is inserted from the common MZI port acting as enabling or disabling signal. Compared to other approaches adopted for the same purpose this implementation is more general, direct, flexible and affordable as only one strong data signal is required to control switching. By conducting numerical simulation the impact of the critical parameters on the Q-factor is thoroughly assessed. The obtained results are interpreted with the help of a complete characterization of the QD-SOA response to an ultrafast data pulse stream. This allows to specify the requirements that the critical parameters must satisfy to achieve acceptable performance. The extracted design rules are technologically realistic and ensure AND operation both with logical correctness and high quality. The outcome of the numerical treatment extends the range of Boolean functions executed with the QD-SOA-MZI module at sub-Tb/s data rates.
INTRODUCTION
All-optical gates constitute key building units for the development of lightwave broadband communications networks through the execution of signal processing functionalities without problematic optoelectronic conversions at the photonic nodes [1] . In particular the AND gate is indispensable for achieving this goal as it is involved in the accomplishment of numerous tasks in the optical domain both in fundamental and system-oriented level, such as buffering [2] , address comparison [3] , add-drop multiplexing [4] , packet clock and data recovery [5] , packet header and payload separation [6] , binary pattern recognition [7] , binary counting [8] , analog-to-digital conversion [9] , digital encoding and comparison [10] , data regeneration [11] , waveform sampling [12] , half addition [13] , multiplication [14] , construction of other logic gates [15] and of combinational logic circuits [16] . Given its important, multi-lateral role the AND gate has attracted intense research interest and among the technological options that exist for its implementation those that exploit a semiconductor optical amplifier (SOA) are well established [17] . In fact, besides being employed for classical applications such as signal generation [18] , amplification [19] and modulation [20] , SOAs have also demonstrated their potential as nonlinear switching elements for performing all-optical AND logic, either as stand-alone entities [21] [22] [23] [24] [25] [26] [27] or incorporated in an interferometric configuration [28] [29] [30] [31] [32] .
Nevertheless, the extension of the use of these digital logic modules as AND gate at ultrafast data rates is limited by the inherently slow SOA gain recovery time and the associated patterndependent performance degradation [33] . The negative by-product of this fact is that it is not possible to satisfy the unceasing demand for more bandwidth since single channel data rates are upgrading to magnitudes that exceed by far the SOAs ultrafast potential [34] . Although methods such as injection of a continuous wave (CW) strong holding beam [35] , external filtering [36, 37] , special switch architectures [38] and differential schemes [39, 40] have been proposed to address this issue, they lack design flexibility, switching power efficiency, cost effectiveness, easiness of setup adjustment, 'on-the-fly' processing capability and simplicity of logical outcome formation. Also they suffer from noise accumulation, signal-to-noise reduction, useful information elimination, input signal difficult precise synchronization and phase shift discrepancy from desired switching level. Therefore these solutions present practical and technical constrains, which enable them to support only a very small fraction of the excessively increasing line rates that are currently underway [34] and soon or later will be running in future optical networks.
In order to keep properly pace with this trend a different and novel technological path should be followed, which should have the perspective of responding to this modern challenge in a more general, direct, flexible and affordable manner. In this context quantumdot (QD) SOAs with their special structure are very promising devices thanks to their distinctive physical properties that have been constantly improving during recent years over conventional SOAs. These include the lower threshold current, the higher saturation output power, the wider gain bandwidth, the lower noise figure, the low polarization gain dependence, the weaker temperature sensitivity and their exceptional faster gain recovery time [41] [42] [43] [44] . The latter characteristic allows them to respond much quicker to ultrafast data compared to SOAs that don't have QDs inserted in their active region and thus they can achieve pattern-free operation more easily. These combined advantages have made QD-SOAs ideal candidates for all-optical signal processing [45, 46] . In parallel the Mach-Zehnder interferometer (MZI) is most suitable for this purpose as it effectively combines the structural simplicity, the co-propagation of the launched signals and the low switching energy requirement with the potential for integration and the overall practicality [47] .
Owing to its attractive features the QD-SOA-based MZI has been the primary choice for the demonstration of all-optical logic functions [48] [49] [50] [51] [52] [53] [54] [55] [56] . In fact it has been theoretically predicted that it should be capable of Boolean AND operation up to a quarter of Tb/s [48] . However the way proposed for realizing this gate in [48] raises some important issues, which leave enough margins for further research and improvement towards the achievement of ultrafast operation. More specifically, the concept of the scheme relies on driving the SOA in the upper MZI arm with one of the data signals that participate in the AND operation, and the SOA in the lower MZI arm with a temporally shifted version of the same signal. This relative delay between the original signal and its replica changes the phase of the other involved data signal, which is switched at the output. Thus this parameter is critical for the performance of the scheme and the ability to operate at ultrafast data rates is inversely proportional to it. In other words, the faster the desired data rate the smaller this delay should be, which as we move closer to the sub-Tb/s scale may be hard to achieve with the appropriate degree of accuracy and synchronization. Furthermore, the need for this delay limits the possibility of performing real time signal processing, i.e., 'on-the-fly', at photonic nodes by means of the AND gate and the applications that it supports. This happens because as data pulses arrive more often it becomes quite difficult to set the temporal offset that the incoming stream of information must undergo. Similarly the existence of the specific delay may cause an additional latency in combinatorial and sequential all-optical circuits and subsystems where the AND gate is the basic building block. Finally, the launch of a delayed copy of the data signal into the second SOA imposes a greater, unnecessary strain on the gain dynamics of this device and hence on the overall operation of the scheme, at the expense of making it more power consuming and complex to adjust and optimize.
The above reasoning designates that the extension of the AND gate's ultrafast capability dictates to use a different configuration of the QD-SOA-based MZI. For this purpose we propose in this paper a more simple, affordable and versatile way of tackling the specific task by using the classic MZI scheme [31] . The adopted approach requires only two distinct data trains between which the AND function is directly executed, with only one of them being strong and inserted in only one QD-SOA, thus eliminating the need for delaying the same data stream and helping avoid the associated drawbacks. The feasibility of the scheme is thoroughly investigated by applying a numerical model that takes into account the dynamical behaviour of QD-SOAs in order to simulate the operation of the standard MZI configured as AND gate when it receives a pair of fully-loaded pseudorandom binary sequences (PRBS) as inputs. This is done at 320 Gb/s, where so far efforts with the QD-SOA-based MZI in single rail switching mode have included only demultiplexing [57] . However in this application many data pulses travel intact through the interferometer without being transmitted at the output. In contrast in this paper we are interested in the more general and demanding situation where every bit of information is involved in the process of switching. This fact imposes a greater strain on the QD-SOA gain dynamics and accordingly makes the selection of the critical parameters more tight [58] . Nevertheless it will be shown that the conducted theoretical analysis allows to thoroughly investigate and assess the impact of these parameters on the metric of Q-factor. Then we extract a set of design rules for their selection and combination within their specified allowable range so that the AND function can be executed at the target ultrafast data rate both with logical correctness and high quality. The presented work extends and complements our previous research on all-optical gates using as switching module the QD-SOA-based MZI [52] [53] [54] [55] [56] . Its outcome can contribute to the practical implementation of the AND gate and of the diverse applications it is destined to serve as core logical unit at ultrafast line rates. In this manner the tremendous capacity offered by fibre will be exploited to an enhanced degree towards the better satisfaction of modern telecommunications networks' various demands.
QD-SOA STRUCTURE
The schematic diagram of a QD-SOA is shown in Fig. 1(a) . This device is equivalent to a conventional SOA in terms of its basic structure and applications but its active region consists of multiple QD layers [33, 59] . The fabrication of these QDs is based on a self-assembled growth technique called Stranski-Krastanov. Initially this involves the growth of a two-dimensional layer, namely the wetting layer. When a critical layer thickness is exceeded, then three-dimensional islands are formed on top of the wetting layer [60, 61] . QD-SOAs operating in the 1550-nm range consist of InAs QDs grown on InP substrate [44, 62] . Assuming that the conduction band of a single QD has two discrete electronic states, namely the ground state (GS) and the exited state (ES), and that the wetting layer offers an additional energy level (WL), a QD-SOA is considered to be a three level system. Owing to the discrete nature of the energy band diagram of the QDs, QD-SOAs acquire special dynamic characteristics and exhibit remarkable optical properties. Fig. 1(b) depicts the energy band diagram of a QD system and the WL as well as the basic electron transitions among the three energy states of the conduction band. Electrons are assumed to limit the carrier dynamics, since holes have larger effective mass resulting in smaller level spacing and thus faster relaxation [41, 63] . The carrier capture directly into the GS is also not taken into account due to fast intradot carrier relaxation and large energy separation between the GS and the WL band edge [41] . Furthermore, the holes are assumed to be in quasi thermal equilibrium at all times [41, 63] . Therefore the full set of transitions includes [50] (a) the electron transitions between the WL and the ES, which are characterized by the transition times τ w2 and τ 2w , (b) the electron transitions between the ES and the GS, which are characterized by the transition times τ 21 and τ 12 , and (c) the spontaneous recombination in the WL and the QDs. In particular carriers are injected in the WL through electrical pumping and due to phonon-and Auger-assisted processes [33, 41] they relax to the ES. Similarly carriers from the ES relax to the GS, while the amplification process is incited by the stimulated radiative transition from the GS of the conduction band to the GS of the valence band. In this manner the states above the GS serve as a carrier reservoir for the GS [33, 62, 63] , which accelerates the QD-SOA gain recovery and accordingly its response to ultrafast excitations.
PRINCIPLE OF OPERATION OF PROPOSED AND GATE
The configuration of the proposed AND gate considered in the conducted theoretical treatment is shown in Fig. 2 . It is based on the symmetrical MZI architecture, in which the same QD-SOAs, QD-SOA1 and QD-SOA2, are placed in the upper and lower arm, respectively. A data-carrying signal A enters through a wavelength selective coupler (WSC) QD-SOA1, while a data-carrying signal B is inserted in the MZI and is split via the input 3 dB coupler C1 into a pair of identical parts, which travel separated along the QD-SOAs located in their path. Signal A should be at least an order of magnitude stronger than signal B [49] . These signals are discriminated by using different wavelengths, such that their detuning in the 1550 nm region is less than Figure 2 . Simulated setup of QD-SOA-based MZI configured for Boolean AND operation between data A and B produced at output port (O/P ). C1 and C2: 3 dB couplers. WSC: wavelength selective coupler. QD-SOA: quantum-dot semiconductor optical amplifier.
the homogeneous broadening of QD-SOA1 [49, 51] . In this manner only signal A can modify the nonlinear optical properties of QD-SOA1 and induce a change on the gain and phase of signal B. Now if B = '0' then regardless of the binary content of A we get nothing at output port (O/P ), simply because there is no input signal on which to imprint any perturbation of the initially balanced MZI and to transfer to the O/P . This is a trivial situation, which changes when B = '1', namely when data sequence B contains a pulse. In this case the result at O/P depends on the existence or not of a pulse in the same bit slot of data sequence A. More specifically, if A = '0', QD-SOA1 remains intact to the same dynamical state as QD-SOA2 so that the decomposed constituents of B perceive the same gain. Thus when they recombine at 3 dB coupler C2 they interfere destructively, which results in a space at O/P . But if A = '1' QD-SOA1 undergoes a radical change of its gain compared to the non-driven QD-SOA2. Consequently the copy of B in the upper MZI arm acquires via cross-phase modulation [64] a nonlinear phase shift against its counterpart in the lower MZI arm, which eventually creates a relative phase difference between these components. If this quantity is ideally made equal to π then it is possible to maximize the amount of the power that emerges at O/P and hence the amplitude of the obtained mark. 
MODELING
In this section we formulate the model that is used to study and assess the performance of the AND gate implemented with the QD-SOAbased MZI. According to the principle of operation of this gate the model comprises of two parts. In the first part the equations that concern propagation of a strong optical pulse along a QD-SOA are presented and the approach followed to numerically solve them is described. In the second part, starting from the expression of the power that emerges from a MZI with nonlinear active elements placed in its two arms, it is explained how the AND gate can be simulated with the aid of the relevant information provided for the QD-SOAs in the first part.
Stand-alone QD-SOA
The model that is employed to describe the operation of the standalone QD-SOA takes into account the propagation of a strong optical pulse along the longitudinal direction, z, of the QD-SOA in conjunction with the change of its gain dynamics. For this purpose we treat the QD-SOA as a three-level system according to the energy band diagram described in Section 2. This approach allows us to obtain realistic, accurate and global results, like in research efforts of nature similar to ours [49, 51] . It also complies with the relevant finding that the major contribution to the ultrafast gain recovery of QDSOAs is made by the cascade of the dynamical process, which includes indirect relaxation, from the WL via the ES into the GS [65] . In comparison, if it is assumed that the QDs' conduction band, and accordingly its valence band, consists of the GS only, then although the influence of the direct relaxation channel can be explicitly taken into account, the carrier kinetics cannot account quantitatively for the exceptionally fast QD-SOA gain recovery [65] . However it is exactly owing to this unique property that QD-SOAs can be exploited as nonlinear elements for executing all-optical logic functions at sub-Tb/s data rates. Moreover, the absence of the intermediate ES state is replaced by calculating the carrier occupation probability near the band edge of the WL, which in turn is populated by the injection current and serves as a reservoir of carriers. As a consequence this modeling approach is valid when the population of carriers in the WL is large [66] . Hence it is restricted to specific QD-SOAs driving conditions and leads to overestimated predictions for the capability of QD-SOAs to be incorporated in interferometric configurations for all-optical logic purposes, such as the Boolean AND operation [48] . Therefore the 3-level rate equation model (3LREM) we have adopted for the QD-SOAs dynamical behavior is mostly suitable for simulating the operation and assessing the feasibility of the QD-SOA-based MZI AND gate at 320 Gb/s. Following [67] , the model is formulated by the propagation Equation (1) and the 3-level rate Equations (2)- (4) for the wetting layer (WL), excited state (ES) and ground state (GS), respectively
These equations hold for a negligible QD-SOA facet reflectivity and amplified spontaneous emission (ASE) [49, 51] , which as explained and justified in detail in [56] are valid assumptions that greatly simplify the model's formulation. Furthermore, the homogeneous broadening is physically taken into account through the detuning of data-carrying signals A and B, whose angular frequencies must satisfy the condition |ω A − ω B | γ hom , where γ hom is the homogeneous linewidth, in order to enable ultrafast single rail switching [64] . A special consideration of this effect would be necessary if the pursued goal were to perform some multi-wavelength task [68] , where different input channels that are located within the homogeneous broadening interact strongly via cross-gain modulation (XGM). This nonlinear effect can also manifest if the detuning between signals A and B is sufficiently large compared to the inhomogeneous broadening, which occurs due to fluctuations in QD size and material composition [45] . In this case the QD ensemble should be divided into different groups with energies depending on their resonant frequencies. Then the QD-SOA dynamical behavior should be described by properly modifying the system of 3-level rate equations [63] while discriminating the modal gains of signals A and B by assuming a Gaussian-like distribution for their spectral profiles [62] . Nevertheless, although this possibility of XGM in QD-SOAs would be beneficial for multi-wavelength applications [45] , yet the switching scheme we have proposed aims at realizing ultrafast Boolean logic operation on single channel data rates and hence at supporting alloptical signal processing in the context of Optical Time Division Multiplexing (OTDM) [69] .
In relationships (1)-(4), variable t is time transformed into a retarded frame moving with the pulse [50] and the functions involved in the derivatives are the photon density of the driving data signal, S = S(z, t) = P (z, t)/(A eff V g hν) (where A eff = 0.75 µm 2 is the effective cross section of the QD-SOA, V g ≈ 8.3×10 7 m/s is the group velocity of the propagating signal and hν the photon energy), the electron density in the WL, N w , and the electron occupation probabilities in the ES and GS, h and f , respectively. Also
σ res is the maximum modal gain, where l, N Q and L w is the number, surface density and effective thickness of the active QD layers, γ hom is the homogeneous linewidth of the resonant QDs, γ inhom the inhomogeneous linewidth of the QD ensemble and σ res is the resonant cross section of the carrier-photon interaction [70] . Furthermore, α int is the material absorption coefficient, J the injection current density, e the electron charge, τ w2 the electron relaxation time from the WL to the ES, τ 2w the electron escape time from the ES to the WL, τ wR the spontaneous radiative lifetime in the WL, τ 21 the electron relaxation time from the ES to the GS, τ 12 the electron escape time from the GS to the ES and τ 1R the spontaneous radiative lifetime in the QDs.
The system of coupled Equations (1)- (4) is numerically solved in a step-wise manner for pulses that belong to a data signal. For this purpose, each input pulse is sampled over its period at discrete intervals, ∆t, while the QD-SOA is divided into n uniform segments of length ∆z, as shown if Fig. 3 . The 4th order Runge-Kutta method is then applied on the created spatio-temporal grid of size ∆t × ∆z = 0.05 ps · µm to find the amplification factor, which by definition is The considered spatio-temporal grid on which the 4th order Runge-Kutta method is applied. L: the QD-SOAs length. n: the number of uniform segments that the QD-SOA is divided into. ∆z: the length of each spatial segment. ∆t: the temporal interval between two consecutive samples of an input pulse.
MZI with QD-SOA
The simulation of the QD-SOA-based MZI when configured as AND gate according to Fig. 2 requires theoretically expressing the amount of power that is transferred to O/P as a result of A AND B operation. This is given by [49] [50] [51] P O/P (t)
where G 1 (t) and G 2 (t) are the time-dependent gains experienced by the constituents of data signal B in QD-SOA 1 and 2, respectively. P B (t) is the power of data signal B and α LEF the linewidth enhancement factor of the QD-SOAs. From Equation (5) it is apparent that in order to calculate the power emerging from O/P it is necessary to know gains G 1 (t) and G 2 (t). For G 1 (t) this is done by solving numerically the system of Equations (1)- (4) for QD-SOA1 and input data signal A. The pulses of this signal belong to a 320 Gb/s returnto-zero (RZ) pseudo-random binary sequence (PRBS) of word length 2 7 − 1. Furthermore, their power profile is Gaussian, i.e., P A (0, t) = P peak exp[−4ln2(t/T FWHM ) 2 ], where P peak is their peak power and T FWHM is their full-width at half-maximum, which corresponds to 35% of the operating period. Also in order to conduct a simulation analysis as realistic as possible the spaces of data signal A are not fully extinguished. This means that the extinction ratio (ER) of this signal, which is defined as the ratio of the minimum peak power of the marks to the maximum peak power of the spaces, is finite and specifically 10 dB. On the other hand things are simpler for QD-SOA2 since no strong data signal is inserted in it and consequently its gain dynamics are not altered. This means that the specific device will be constantly operating in the linear gain regime. Hence, by integrating both sides of (1) over the QD-SOA length and noting that under this operating condition the electron occupation probability in the GS remains unity, we obtain G 2 (t) = exp[(g max − α int )L] = G ss , where G ss is the small signal gain being the same for both QD-SOAs. Finally G 1 (t) and G 2 (t) are replaced in (5) to find the light intensity at O/P for a data signal B having the same shape and temporal characteristics as A, perfect ER, and power content as mentioned in Section 3. This is done for α LEF = 5, which lies in the range of values for practical QD-SOAs with gain in the 1550 nm region [71] .
QD-SOA CHARACTERIZATION
Given the central role of the QD-SOA in the operation of the MZI configured as AND gate it is important to characterize the dynamical behaviour of this device with respect to several critical operational parameters. This is necessary in order to be able to properly interpret in Section 6 the simulation results obtained when QD-SOAs are incorporated in the MZI. This task has not been addressed before in the way done in this paper. In fact the information given by other reported works [49-51, 57, 72] as part of the study on the performance of a QD-SOA-based MZI intended for use in the implementation of alloptical logic gates at ultrafast bit rates is not sufficient or complete for the pursued goal. More specifically, [50, 51] have dealt with the QD-SOA carrier dynamics and the temporal evolution of the occupation probabilities in the discrete levels of the QD system. In [72] the temporal dependence of the gain has been obtained both for a single input pulse and a non return-to-zero (NRZ) input pulse train. In the first case the result concerns the saturation and quick recovery of the QD-SOA caused by the pulse as it enters and leaves the device, respectively. In the other case the focus is on the gain that is modulated by the NRZ input pulse train and it is shown to respond directly to the input data pattern, i.e., the gain is saturated as long as logic ones enter the QD-SOA and it recovers when one or more logic zeros appear at the input. The same study examines also the change of the QD-SOA gain dynamics by a NRZ input pulse train for different values of τ 21 , which shows that the decrease of this parameter speeds up the gain recovery of the QD-SOA. Moreover in [49] , the temporal dependence of the gain is derived for the case of a single input RZ pulse and for different values of J and τ w2 . The results for J indicate that the increase of this parameter accelerates the gain recovery of the QD-SOA, while the results for τ w2 reveal that this parameter is a limiting factor for the QD-SOA gain dynamics. Finally, regarding the QD-SOA saturation properties, in [72] the steady-state static gain has been obtained as a function of the input power for different values of J, which shows that the gain begins to saturate as the input power is increased and that the saturation power is increased with J. This dependence on J can also be noticed in [57] , where the 3 dB input saturation power, P in,sat , is calculated as a function of J for different values of QD-SOA length. This unveils that if the current density is kept constant the QD-SOA saturation power is decreased as its length is increased. This means that the longer the device is, the more easily it can be saturated by a smaller input power. Despite the significant contribution of the aforementioned works, a more comprehensive characterization of a QD-SOA intended for use as nonlinear element for interferometric switching should take into account the impact of a whole set of critical parameters. This task is of a greater importance when the mode of operation is pulsed and the strain imposed on the operating conditions is quite demanding [46] , as in our case. Therefore we have focused on the QD-SOA gain dynamics and their dependence on these parameters, since it is expected that they will affect the performance of the proposed AND gate. More specifically, in Figs. 4 and 5 we examine the instantaneous QD-SOA gain variation for different values of the critical parameters, P peak , G ss , J, and τ 21 . This task is accomplished for a single pulse only, which has been selected to be the last mark in the longest run of these bits inside the PRBS. This is done in order to ensure that a saturation equilibrium has been established for the QD-SOA gain dynamics and thus that the conducted characterization is as realistic as possible. For this purpose the process that is followed is to change each time one parameter while keeping the rest constant. More specifically the typical values chosen to be fixed for G ss , J and τ 21 are 15 dB, 0.8 kA/cm 2 and 1.5 ps, respectively. On the other hand the choice for the peak input data power has been dictated by the gain saturation of the QD-SOA that occurs under pulsed mode of operation. In this context the saturated gain, which is defined as the minimum of the instantaneous (a) (b) (c) gain that is dropped after the pulse has acted on the QD-SOA, has been plotted as a function of this parameter in Fig. 6 . From this figure we see that the 3 dB saturation input power [41] is P in,sat = 5 dBm. Thus in order for the QD-SOA to be adequately saturated for the needs of this characterization while at the same time keep P peak reasonable we set P peak,fixed = 9.5 dBm. The incremental deviation of this fixed value from the 3 dB QD-SOA saturation input power under pulsed mode of operation defines an interval, which is indicated in Fig. 6 by the vertical dotted lines and the arrows attached on either side of them. The extent of this interval is determined by the, dimensionless, relative difference ∆P = P peak,fixed − P in,sat = 4.5 dB, within which the QD-SOA singlepass gain has been reduced by 5.5 dB. Therefore the remarks that will be extracted for the QD-SOA characterization conducted under the specific bias condition will also hold for a lower saturation level. Figure 4 (a) shows the instantaneous QD-SOA gain variation for different values of the peak input data power. First, it is observed that the initial level of the gain is not its small signal value, which also holds for Figs. 4(b)-(c) and 5(a)-(b) . This happens because as already mentioned the examined pulse is the last of successive marks. For this reason when this pulse enters the QD-SOA it encounters a gain that has been partially recovered after it has been saturated by the preceding mark. Now the amount that the gain is dropped from its small signal value, ∆G, becomes larger as P peak is increased. This is consistent with Fig. 6 and the fact that as P peak is changed in this direction the QD-SOA becomes more saturated because of carrier depletion. Furthermore, this gain drop is favourable to impart a Figure 6 . Variation of minimum instantaneous QD-SOA gain versus peak input data power. The difference ∆P = 4.5 dB denotes the deviation of the QD-SOA bias point chosen as fixed for the simulation analysis from the 3 dB input saturation power.
differential phase between the decomposed components of data signal B as close as possible to π and hence achieve full switching. Then the dynamic gain response for different values of the QD-SOA small signal gain is illustrated in Fig. 4(b) . Notably the drop of the gain from its unsaturated value is greater for larger small signal gain. More specifically, for G ss = 10.8 dB the drop is ∆G ≈ 2.8 dB, while for G ss = 14.8 dB ∆G ≈ 5.5 dB. Thus similarly to the case of the peak input data power the extent of the QD-SOA saturation quantified by ∆G becomes larger as G ss is increased, which as mentioned is helpful for creating the desired phase difference between the MZI arms. Moreover, Fig. 4(c) shows the instantaneous QD-SOA gain variation for different values of current density. The increase of J from 0.3 to 1 kA/cm 2 supplies the GS with more carriers that are available for the gain recovery process and thus the latter is accelerated. However, if J is further increased to 1.5 kA/cm 2 the effect on the dynamical behavior of the gain is not so pronounced. This happens because the ES and WL, which act as carrier reservoirs for the GS, have been adequately filled and the additionally supplied carriers do not fully participate in the QD-SOA gain recovery process. Finally, in Fig. 5(a) we present the instantaneous QD-SOA gain variation for different electron relaxation times from the ES to the GS and for the chosen fixed value of current density. With the decrease of τ 21 from 1.4 to 0.6 ps carriers relax faster from the ES to the GS and so the process of gain recovery is made faster. At the same time there are more carriers involved in the amplification process which leads to less intense saturation and gain modulation. This also holds for the case in which τ 21 is decreased down to 0.3 ps. But when the QD-SOA becomes saturated subject to the consecutive bits of the PRBS, more carriers relax to the GS. Therefore they are depleted in the upper levels, i.e., the ES and the WL, eventually becoming insufficient for speeding up the QD-SOA gain recovery. Nevertheless, if the current density is concurrently increased, the behavior of the gain is altered in a common manner for all considered changes of τ 21 , as shown in Fig. 5(b) . This means that when investigating the impact of τ 21 on the switching capability of the AND gate it is also necessary to take into account the simultaneous effect of J.
RESULTS FOR AND GATE
In order to examine whether the proposed QD-SOA-based MZI scheme can be configured as ultrafast AND gate at 320 Gb/s we evaluate its performance against the Q-factor. This metric is defined as [73] 
whereP 1 ,P 0 and σ 1 , σ 0 are the mean and the standard deviations of the peak power of the marks and spaces, respectively, at the output of the AND gate. In order to ensure acceptable performance, the Q-factor must satisfy the criterion to be over six [73] . Thus in the following we investigate whether this goal can be achieved at 320 Gb/s in terms of the critical operational parameters, which include the peak input data power as well the QD-SOAs small signal gain, current density and electron relaxation time from the ES to the GS. We begin our simulation analysis by plotting the Q-factor against the peak input data power, P peak , in Fig. 7(a) . As it can be observed, the obtained curve exhibits a bell-like variation with a maximum point at around 7.2 dBm, on either side of which the Q-factor is decreased. In order to interpret this behaviour we recall from Fig. 4(a) that the peak input data power determines the extent of the QD-SOA gain excursions, ∆G, which in turn makes the phase difference between the MZI arms lie in different intervals [74] . This affects analogously the magnitude of switching and accordingly the Q-factor. Thus initially the Q-factor is increased with the peak input data power, because QD-SOA1 is progressively brought into deeper saturation and the phase difference approaches closer to its optimum value of π. However as the examined parameter is increased further beyond 7.2 dBm, the additional differential gain that is induced causes the phase difference to diverge away from π [74] . As a result the Q-factor does not continue to improve but it is declined with a steeper slope than that of its rising part due to the stronger carrier depletion. The Q-factor is acceptable within a total input power dynamic range of roughly 4.8 dB, whose central peak power of 7.2 dBm can be provided by commercial erbium doped fiber amplifiers. shows the Q-factor against the QD-SOAs small signal gain. It can be noticed that there is a similarity between the obtained curve and that of Fig. 7(a) . This is attributed to the common impact that both parameters have on the QD-SOAs dynamical behaviour, as demonstrated in Section 5. Therefore, as this parameter is altered the phase difference created between the replicas of input data signal B undergoes a variation analogous to that described in the context of Fig. 7(a) . This means that in order to achieve switching as anticipated according to the requirements of AND operation an efficient level of small signal gain is necessary. The Q-factor remains above 6 on either side of a small signal gain of approximately 13.2 dB, where it becomes maximum, and within approximately 4 dB. For given QDSOAs length this small signal gain range can be achieved in a feasible manner by intervening in the number of the QD layers when designing the QD-SOA structure [70] . Here it must be noted that since the small signal gain is determined by the maximum modal gain, which in turn depends on the ratio of the homogeneous to the inhomogeneous broadening [70] , this means that the latter are also indirectly accounted for in the derivation of the results of Fig. 7(b) . Given that the homogeneous broadening of QD-SOAs is typically 15 meV at room temperature while the inhomogeneous broadening reaches 40 meV [45] , we calculate g max = 9.4 cm −1 for l = 4 QD layers, which corresponds to G ss 13 dB. Now since this value is included in the scanned range of this critical parameter in Fig. 7(b) , this means that its impact on the Q-factor is also assessed. Figure 7 (c) illustrates the Q-factor versus the QD-SOAs current density.
For small current densities, the Q-factor is sharply increased, and after exceeding its required minimum, it becomes almost independent of this parameter. This happens because a lower current density facilitates the saturation of a QD-SOA [57] . As a result the gain of QD-SOA1 is dropped to a greater extent and it becomes more difficult for it to recover closer to its unsaturated value, which is additionally verified by Fig. 4(c) . Consequently, the Q-factor is very low and hence totally inadmissible. In contrast, a larger current density offers a redundancy of supplied carriers and thus permits the dynamical optical properties of QD-SOA1 to reach an equilibrium state, which has a positive impact on the considered metric. Fig. 7(c) shows that if J is adjusted to be over 0.9 kA/cm 2 then the Q-factor is made acceptable. The corresponding bias current is 108 mA, which lies within reasonable limits [57] and can be practically supplied by commercial current sources. Therefore a moderate current density is fine for allowing the proposed AND gate to be realized at least with an adequate performance. Figure 7 (d) depicts the Q-factor as a function of the QDSOAs electron relaxation time from the ES to the GS. This figure demonstrates that in order for the proposed scheme to operate without logical errors, this parameter must not be chosen arbitrarily fast, as it would be expected from the evidence available on the implementation of another basic logic function using the QD-SOA-based MZI [51] . In fact τ 21 must not be too small neither too large so as to avoid impairing the quality of switching in terms of the Q-factor. More specifically, for τ 21 > 0.65 ps the Q-factor starts becoming degraded and as τ 21 is increased further in this region the performance of the proposed AND gate is strongly deteriorated due to the slower QD-SA1 gain recovery process described in the QD-SOA characterization. On the other hand for τ 21 < 0.65 ps the very fast relaxation of the carriers from the ES to the GS causes the carrier density in the upper energy levels of the discrete QD-SOA energy diagram to be dramatically decreased. This results in lack of supplied carriers, which limits the ultrafast operation of the MZI and renders the Q-factor unacceptable. Thus we need to take jointly into account the contribution of the current density, as inferred from the discussion of the QD-SOA characterization. To this end the current density must be properly chosen as specified from Fig. 7(c) . The Q-factor remains over 6 against τ 21 within approximately 1.17 ps. The values lying in this range as well as the maximum of 0.65 ps are typical for τ 21 [45] .
From the observation and interpretation of Figs. 7(a)-(d) it can be deduced that the requirements for the critical parameters are 4.4 dBm ≤ P peak ≤ 9.2 dBm, 10.8 dB ≤ G ss ≤ 14.8 dB, J ≥ 0.9 kA/cm 2 and 0.3 ps ≤ τ 21 ≤ 1.47 ps. Thus by following these guidelines and using the combination of values 9 dBm, 14 dB, 1.5 kA/cm 2 and 0.6 ps, respectively, a more than adequate Q-factor can be achieved. This is reflected on the results obtained for the representative data patterns A = '1011011110110001' (Fig. 8(a) ) and B = '1001010101111111' (Fig. 8(b) ). Indeed the logical outcome in Fig. 8 (c) coincides with the truth table of the Boolean AND function since a mark is produced only when the binary content of A and B is identical while a space occurs in all other cases. Furthermore the zeros are strongly suppressed, which corresponds to ER = 13.3 dB. Concurrently the marks are sufficiently balanced and the difference between their peak amplitudes is only 0.1 dB, as verified by Fig. 9 and the uniform drop of QD-SOA1 gain in response to data signal A. The good quality of the AND operation is also confirmed by the corresponding pseudo-eye diagram (PED) [75] which has been plotted in Fig. 10 (c) for a 127 bit-long data stream. This visual quality indicator is obtained by superimposing the marks and spaces in the data stream of interest on top of each other and displaying them within a single bit period. According to this generation method the PED consists in the general case of two distinct curves, one for the marks and one for the spaces, while its form depends on the quality of these bits, both individually and in relation to each other. For example, for data A the marks are equal in intensity, which is directly reflected on the curve having the highest amplitude. However, as mentioned in Subsection 4.2, in order to conduct a simulation analysis as realistic as possible, all spaces of this signal are not fully extinguished, as it would happen in the ideal case, but they have a finite extinction ratio of 10 dB. Consequently, these bits also exhibit a single curve, but its vertical distance from that of the marks is analogous to their ER indicated inside the PED. In comparison in the PED of signal B depicted in Fig. 10(b) there is no curve shown for the spaces because the ER is perfect and consequently the power of these bits is null. Thus based on this qualitative explanation, we can similarly interpret the PED of the logical outcome A AND B in Fig. 10(c) . Therefore, the spaces have acquired a single and suppressed border, and the envelope of the marks is uniform since their traces almost coincide, having a hardly discernible difference between their peaks. This indicates that the PED is clear and open, and that owing to its proper design, the proposed AND gate can be realized with error-free performance.
CONCLUSION
In conclusion, the feasibility of realizing an all-optical AND gate between a pair of fully-loaded data sequences at 320 Gb/s using a properly driven QD-SOA-MZI has been theoretically investigated and demonstrated. By conducting numerical simulation, a set of curves has been obtained for the impact of the involved critical parameters on the Q-factor. Based on a detailed characterization of the dynamical behavior of a QD-SOA that is subject to an ultrafast data pulse stream, the simulation results have been analyzed and interpreted. In this manner, the operating conditions, which are favorable in order for the employed metric to meet its desired criterion, have been derived. These suggest that it would be possible to achieve the pursued logic function with error-free performance and high quality for a combination of moderate values for all involved parameters, which can be well supported by state-of-the-art QD-SOA technology. This prediction can enhance the capability of the QD-SOA-based MZI as switching module, complement the suite of bitwise Boolean functions that it can execute and facilitate its exploitation in more sophisticated circuits and subsystems.
